Various conditions may result in forefoot pain. Magnetic resonance (MR) imaging allows accurate assessment of many of these conditions. We provide an overview of forefoot disorders divided into bones, capsule and plantar plate, musculotendinous structures, neurovascular structures, and subcutaneous tissue. We review normal anatomical features as well as MR imaging findings of common disorders.
Advances in podiatry and foot surgery require more sophisticated approaches to imaging evaluation of forefoot pain. In this article we primarily focus on the lesser toes because the anatomy is different from that of the hallux [1] and because the hallux anatomy has recently been reviewed [2] . Knowledge of normal anatomy is a requisite to understanding common pathological conditions. Although Morton neuroma and stress fractures are particularly common causes of forefoot pain, many other conditions should be taken into consideration when interpreting forefoot magnetic resonance (MR) imaging studies. The high resolution of 3T MR imaging allows for accurate diagnosis of forefoot pathology. The aim of this study is to present various causes of metatarsalgia and discuss new advances in imaging. To illustrate the anatomy, we used anatomical sections and dissections performed by one of the authors (ethical board approval was obtained for studies on cadaveric specimens). Imaging cases of pathology were derived from the teaching files of two large institutions.
Results and Discussion

Bony Structures Anatomy
The bony anatomy of the metatarsophalangeal (MTP) joints is well described by Torshizy et al [3] . There are several normal osseous contours of the metatarsal heads that can simulate erosive changes, and it is important not to interpret these normal bony variations as pathological findings. Of particular interest is a pseudo-erosion at the dorsal aspect of the metatarsal head, which represents a normal anatomical variation [3] (Figure 1 ).
Pathology
Various bony pathologies can involve the metatarsals. These include fractures, arthritis, tumours, and osteomyelitis [4e6].
The most common bony cause of metatarsalgia is a stress or insufficiency fracture. Stress fractures occur by overload of normal bone, whereas insufficiency fractures occur by normal loads on demineralized bone. These fractures may involve the diaphysis, the head, or the base of the metatarsal. Radiographs are relatively insensitive in the early stages.
Findings include subtle endosteal lucencies, sclerosis, or callus formation. Although some centres rely on bone scintigraphy, ultrasound (US), or repeat radiographs for diagnosis, MR is the exam of choice ( Figure 2 ). MR findings include a hypointense fracture line on T1 weighted images, and bone marrow oedema on fluid sensitive images. If the fracture line is not seen, the findings are typically described as a stress reaction. Although bone scan may be used for early diagnosis of stress fractures, they are frequently nonspecific. The term Freiberg ''infraction'' refers to infarct as well as fracture, indicating that the precise etiology is not clear [7, 8] (Figure 3 ). The precise cause of this abnormality remains, until now, unknown. Trauma (acute or repetitive injury) and vascular compromise are the most popular theories. Arthritis may involve the MTP joints. If only one joint is involved, septic arthritis should be excluded. This may be caused be a penetrating injury or hematogenous spread. MR findings include erosions, subchondral oedema, capsular hyperintensity and synovial and capsular contrast enhancement ( Figure 4 ). If multiple joints are involved, degenerative (osteoarthritis), inflammatory (eg, rheumatoid arthritis), crystal deposition (gout) type arthritis, or systemic diseases should be considered.
Capsule and Plantar Plate Anatomy
Plantar plate lesions are a common cause of metatarsalgia. The plantar plate is a fibrocartilaginous meniscoid structure attached distally to the bases of the phalanges [9e11] (Figures 5, 6) . The proximal aspect attaches more loosely to the metatarsal shaft by means of thin synovial tissue. Plantar plates are only present in the lesser toes, in contradistinction to the hallux. The term plantar plate is sometimes used for the hallux, but in this site, it corresponds to a complex of ligaments not a fibrocartilaginous meniscus. The plantar plate of the lesser toes directly communicates with the accessory collateral ligaments. The flexor digitorum tendon lies in its sheath well centred on top of the plantar plate.
Pathology
Because of the intimate attachment of the plantar plate to neighbouring structures, injuries of the plantar plate are often associated with other lesions of the intermetatarsal space. Most important is pericapsular fibrosis in the case of a tear, which can mimic a Morton neuroma [12] . Since the collateral ligaments are intimately connected to the plantar plate, these lesions often coexist. The MTP joint may become unstable and chronic deformities such as hammertoe or crossover toe may be the result.
The second toe is most commonly involved, and it is known as ''the syndrome of the second ray.'' Medial or lateral tears are most common, although central tears may occur. Clinically, plantar plate lesions cause pain and instability [13] . Plantar plate tears can be graded from 0-4 (thinning, partial tear, complete tear, complete tear with subluxation).
On routine sagittal MR studies the imaging plane is not in the exact plane of the plantar plate. Oblique sagittal images may help with visualization but are not routinely performed. Therefore, a plantar plate tear can be better assessed on coronal images. Since the tears are typically lateral or medial, the flexor tendon and plantar plate shift sideways with respect to the metatarsal base ( Figure 7) . US is also a good technique to assess the plantar plate and has the advantage of allowing a dynamic study. US image quality may be hampered, however, by the skin over the sole of the foot with resulting deterioration of sound penetration. Static deformities can be seen on MR (Figure 8 ), whereas dynamic deformity can be demonstrated with ultrasound.
Musculotendinous Structures Anatomy
Muscles for the lesser toes include the interosseous and lumbrical muscles as well as the intrinsic muscles of the fifth toe. There are 5 intrinsic muscles of the fifth toe: abductor, short flexor, and opponens, plantar interosseous, and lumbrical. The extensor system is made up of a long and short extensor tendon. Both extensor tendons join at the MTP head and form a trifurcation (Figure 9 ). The trifurcation then results in a configuration similar to the hand with a central slip and distal slip [14] . The flexor system is made up of a short and a long flexor with a configuration similar to that observed in the hand (Figure 10 ). The extensor system is made up of a short and long extensor.
Pathology
Pathologies of the muscular and tendinous system of the lesser toes are rare, although lesser toe deformities are common [15] . Traumatic lesions and tenosynovitis related to overuse is not typically recognized in the lesser toes. Infectious tenosynovitis, however, may occur especially after penetrating injuries.
Neurovascular Structures Anatomy
The medial and lateral plantar veins are accompanied by the respective nerve branches. The medial and lateral plantar nerves are branches of the tibial nerve [3] (Figure 11 ). At the level of the MTP joints, the nerves and vascular structures divide in digital branches coursing on the side of the digits.
Pathology
The most common pathology is Morton's neuroma and is well known. A plantar vein thrombosis on the other hand, is an uncommon cause of forefoot pain, but is likely underdiagnosed ( Figure 12 ) [16, 17] .
The clinical findings of plantar vein thrombosis include pain and swelling. Risk factors include paraneoplastic conditions, thrombophlebitis, contraceptive drugs, coagulation disorders and human immunodeficiency virus. Most often, however, it is idiopathic. On US, typical findings include obliteration of the vascular lumen with thrombus and absence of flow on Doppler imaging. On MR imaging, the thrombus itself is more difficult to identify due to the varying appearance of vascular structures. Typically, a rim of soft tissue and muscular oedema surrounds the vein, and should lead to the correct diagnosis ( Figure 12 ).
Morton's neuroma or digital neuroma is not an actual neuroma, but nerve degeneration and thickening by perineural fibrosis [18e21]. Nerve entrapment (impingement) is generally assumed as the cause, but repetitive (micro) trauma and ischemia are also suggested. The nerve is compressed against the edge of the transverse metatarsal ligament. Increased weight bearing on the foot, high heels, anomaly of foot arches, and so on are considered risk factors.
Morton's neuroma is typically seen in middle-aged women and is a well-known cause of metatarsalgia. It is well recognized that Morton's neuroma may be present in asymptomatic individuals.
For diagnosis, we recommend US or MR imaging [5] . Knowledge of the course of the digital nerve (plantar of the deep intermetatarsal ligament) is mandatory to identify the fibrosis in the location of the nerve. On MR imaging, Morton's neuroma is best seen on T2 weighted MR images as a low signal intensity spindle-or dumbbell-shaped lesion in the region of the neurovascular bundle contrasting with the hyperintense fluid in the intermetatarsal bursa (Figure 13, 14) . In the literature, T1 weighted images have been suggested for diagnosis of Morton's neuroma, but on this MR sequence it is impossible to differentiate neuroma, fibrosis, and fluid (personal communication, C. Boulet, MD). We recommend using both T1 and T2 coronal images. Although some authors have advocated using contrast administration, this is in contrast to our experience and not useful.
US is an excellent modality to identify Morton's neuroma with several possible approaches, although it requires considerable operator expertise. A coronal approach with a plantar probe position and performing the Mulder's click maneuver may be helpful. Sagittal approaches with webspace compression may also be used.
Soft Tissue Anatomy
The plantar subcutaneous tissue is made up of a thick layer of fatty tissue with strong fibrous stations providing support, especially at the level of the first and fifth metatarsal heads. The intermetatarsal bursa is a congenitally present bursa located superior to the transverse metatarsal ligament in between the metatarsal heads (Figure 15, 16 ).
Pathology
The pathology of the subcutis is not well known by many radiologists. It includes fat chamber atrophy, adventitial or intermetatarsal bursitis, and plantar fibromatosis.
Fat chamber atrophy typically occurring at the supporting points at the first and fifth metatarsal head. It may be seen in diabetes or following corticosteroid injections. It is typically best assessed with US allowing comparison of the controlateral side, and more difficult to depict on MR.
Adventitial bursitis typically occurs at the supporting points at the first and fifth metatarsal head, but can occur at other metatarsal heads as well ( Figure 17 ). As is the cause with other bursitides, it may vary in appearance from relatively solid, fibrotic to a true fluid filled bursa. Inactive bursitis shows little fluid and appear hypointense on all sequences, whereas in the case of active inflammation, a greater degree of fluid and potentially rim enhancement may be present. An adventitious bursitis should be differentiated from reactive fibrosis (low signal intensity on both T1 and T2) of the plantar fat pad. Reactive fibrosis is most common under the first and fifth metatarsal head secondary to mechanical stress or under the other toes if there is a pathological deformation of the arch of the forefoot (Figure 18) .
Plantar fibromatosis or Ledderhose disease is a rare hyperproliferative disorder leading to formation of slow growing fibrous nodules in the plantar fascia ( Figure 19) . Typically, the more distal part of the plantar fascia is involved, in contrast to plantar fasciitis and tears that involve the more proximal part of the plantar fascia. Associated conditions include frozen shoulder, Dupuytren's disease, penile fibromatosis, knuckle pads, and diabetes. On US and MR, a nodular mass is observed centred at the plantar aponeurosis. Variable Doppler signal and contrast enhancement may be observed.
The intermetarsal bursa is somewhat distended with fluid in the normal situation. A cut-off value of 3 mm in transverse diameter has been proposed to suggest significant intermetatarsal bursitis often coexists with Morton's neuroma. 
Conclusion
Many different conditions may cause forefoot pain. Although US may play a role in diagnosis, especially when the clinical exam suggests a Morton's neuroma or plantar plate injury, MR imaging provides the best overall assessment of all forefoot structures including bones and soft tissues. Bony causes include stress fracture, Freiberg infraction, and arthritis. Tendon injuries are uncommon although toe deformities do occur. Plantar plate tears are common and represent a differential diagnosis for Morton's neuroma. Plantar vein thrombosis is a less well recognized cause of forefoot pain. Bursitis in the intermetatarsal area is commonly associated with Morton's neuroma. Plantar bursitis may be more or less fluid containing depending on the degree of inflammation.
